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Résumé 
Le néocortex déclenche des activités paroxystiques suite aux lésions cérébrales 
traumatiques. Avec des blessures cérébrales pénétrantes, la déafférentation 
s’accompagne d’une longue période silencieuse du cortex atteint, et d’une 
augmentation des périodes d’hyperpolarisation du néocortex entourant la lésion. 
L’activité synchrone du réseau neuronal après une période de latence conduirait à 
l’épileptogenèse. Des tentatives de modifier la nature des crises ont été effectuées 
à l’aide de modèles animaux. L’une des plus prometteuse étant la chimiogenèse par 
l’injection des vecteurs viraux afin d’anéantir la réponse de certains récepteurs 
couplés aux protéines G aux ligands habituels, alors qu’ils réagissent aux 
médicaments désirés, comme N-oxyde de clozapine. Ces récepteurs 
appelés « DREADDs » exclusivement activés par ces médicaments ont été étudiés 
pour réduire le nombre et la sévérité des crises. Selon les résultats non-publiés de 
notre laboratoire, l’utilisation d’un DREADD excitateur près de «undercut» serait 
antiépileptogène. Nous pensons qu’une excitation ciblée pourrait optimiser l’effet 
antiépileptogène. L’excitation est directement liée aux neurones transduits. Nous 
postulons qu’une transduction optimale des neurones pourrait être atteinte par un 
dosage optimisé du virus injecté, tant au titre viral qu’au volume injecté. Pour prouver 
notre hypothèse nous avons utilisé trois différentes titrations de AAV2/8 et injecté 
différents volumes de ces titrations aux souris. Le volume de transfection corticale 
et le nombre des neurones transduits ont été quantifiés. Avec la titration E11gc/ml 
aucune transfection n’a été observée. Avec la titration E12gc/ml une corrélation 
quasi-linéaire a été observée entre le volume viral injecté, et le volume cortical 
transfecté, ainsi que le nombre de neurones transduits. Avec la titration E13gc/ml, 
une meilleure corrélation a été observée à la transduction neuronale qu’à la 
transfection corticale, par rapport au volume viral injecté. En conclusion, la titration 
E12gc/ml paraît être un meilleur choix pour nos futures études, la fiabilité de la 
titration E13gc/ml n’ayant pas été démontrée.   
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Abstract 
The neocortex is the origin of paroxysmal activities that occur after traumatic brain 
injuries. In penetrating brain injuries, deafferentation causes long silent periods in 
affected cortex and increased hyperpolarization period in neocortical tissue around 
the injury. The synchronous neural network activity after a latent period may lead to 
epileptogenesis. Some attempts to alter seizures were done using animal models. 
One of the most promising involves chemogenetic tools via AAV viral vector injection 
to make some G protein-coupled receptors unresponsive to their natural ligands, 
and activated by the desired drug, such as clozapine-N-oxide. These designer 
receptors exclusively activated by designer drugs (DREADDs) have been studied in 
reducing the numbers and severity of seizures. According to unpublished works in 
our lab, using excitatory DREADDs in the vicinity of undercut was antiepileptogenic. 
We believe there could be an optimal level of excitation for yielding an optimal 
antiepileptogenic response. This excitation is in direct relation with neurons 
transfected. We hypothesize that the optimal neuronal transduction might be 
achieved with optimal dosage of virus delivered, in terms of viral titration and the 
volume of virus injected. To test this, we used three different titrations of AAV2/8 and 
we injected different volumes of these titrations in adult mice. Cortical transfection 
volume and number of neuronal transductions were estimated. With E11gc/ml 
titration, no transfection was visible. With E12gc/ml titration, an almost linear 
correlation was observed between the volume of virus injected and the number of 
neurons transduced and the cortical volume of transfection. With E13gc/ml titration 
the correlation between the injected AAV volume and the number of neuronal 
transductions was still good but there was a poor correlation between AAV volume 
and transfection volume. We concluded that E12gc/ml titration was a more reliable 
option for our further studies. The reliability of E13gc/ml titration needs to be proven.    
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Introduction 
Traumatic brain injury can lead to devastating physical and social inabilities. It 

may also lead to epilepsy which consist of different diseases with a common feature: 

unprovoked seizures due to increased local network excitability. Different animal 

models have been designed to simulate traumatic brain injury (TBI) and 

posttraumatic epileptogenesis, of which the partial cortical deafferentation (undercut) 

mimics penetrating brain injury. In first part of this introduction, neocortical 

cytoarchitecture, neuronal excitability, the potential factors affecting epileptogenesis, 

and animal models of TBI will be reviewed, with special reference to the undercut 

model. The second part pertains to G protein coupled receptors (GPCRs), Designer 

Receptor Exclusively Activated by Designer drug (DREADDs), and the adeno-

associated viral vectors (AAVs).   

Normal cortical cytoarchitecture 
The neocortex might be the result of a repeated duplication of a microcircuit 

template which is stereotypical and specialized as per brain region and in different 

species. Cerebral cortex comprises about 80% of human brain volume (Herculano-

Houzel, 2012). Horizontally, neocortex is divided into six layers or laminae, from pial 

surface to the border with white matter. The neurons of superficial layers are younger 

than those of deeper layers in accordance to stages of embryonal development 

(Fame et al., 2011).  

Layer I is essentially composed of apical dendrites of pyramidal neurons, a 

small number of GABAergic neurons, and lots of axon terminals (Douglas and 

Martin, 2004). Only layer I lacks pyramidal neurons (Ramaswamy and Markram, 

2015). 

Layer II/III contains the soma of 80% of callosal-projecting pyramidal neurons 

of which the majority lie in layer III (Porter and White, 1986; Fame et al., 2011). In 

primates, the layers II and III are distinct but in the mouse they are indistinguishable 

(Fame et al., 2011).  

Layer IV consists of some different kinds of spiny neurons such as spiny stellate 

cells (Staiger et al., 2004) which mainly receive projections from thalamic neurons 

(Kaas, 2013). 
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Layer V comprises of pyramidal neurons and is home to 20% of callosal 

projection neurons (Fame et al., 2011). Layer V is divided into upper layer V (layer 

5A) which consists of pyramidal neurons having slender apical dendrites and an 

axon projecting to the striatum and/or the contralateral hemisphere  by coursing 

through the corpus callosum, and lower layer V (layer 5B) mainly composed of thick-

tufted layer 5 (TTL5) neurons, mostly projecting to subcortical regions (Ramaswamy 

and Markram, 2015). This subcortical regions includes the striatum, brainstem and 

spinal cord nuclei (axons coursing through the pyramidal tract (Cowan and Wilson, 

1994)), and ipsilateral pontine nuclei (Kita and Kita, 2012), and also to higher order 

thalamic nuclei (Van Horn and Sherman, 2007). Approximately 80% of collaterals 

that connect primary motor cortex to primary somatosensory cortex arise from 

callosal projection neurons in layers V and VI (Veinante and Deschenes, 2003). 

Layer VI is an important input layer like layer IV, by receiving thalamocortical 

input, and a major output layer by sending projections to first order thalamic nuclei 

(Van Horn and Sherman, 2007) from about 30-50% of its pyramidal neurons, to 

cortex (corticocortical) via long horizontal axons, to claustrum, and to deep layers of 

cortex (Thomson, 2010).  

Vertical structure of neocortex comprises neocortical minicolumns which are 

groups of synaptically linked neurons. These minicolumns are interconnected via 

short-range horizontal links to form cortical columns (Mountcastle, 1957, 1997). In 

each neocortical column of rodents, there are about 7,500 neurons (Ren et al., 1992; 

Beaulieu, 1993) but the number of cells in every layer is different: 

Layer I: 100 neurons, Layer II/III: 2,150, Layer IV: 1,500, Layer V: 1,250Layer VI: 

2,500. 

Neocortical neurons are comprised of 70 to 80% excitatory pyramidal neurons 

(Peters and Sethares, 1991; DeFelipe and Farinas, 1992) and 20-30% of 

interneurons which predominantly contain the inhibitory neurotransmitter GABA 

(Markram et al., 2004). The excitatory pyramidal neurons comprise the major cortical 

neurons that exist in every neocortical layer with the exception of layer I. They share 

a similar  morphology, but are slightly different in the size and shape of their soma, 

their dendritic arborization, the density of their spines, and their axonal projections 
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(DeFelipe and Farinas, 1992). 

Common features of inhibitory interneurons 

Morphology, physiology, synaptic and molecular features are different among 

interneurons (Cauli et al., 1997; Kawaguchi and Kubota, 1997; Gupta et al., 2000), 

but they have some common characteristics as well. Their dendrites are aspiny, and 

their soma may receive either excitatory or inhibitory synapses (Markram et al., 

2004). They are local circuit neurons: the arborization of their neurites are confined 

to neocortex (Letinic et al., 2002). Their axons can synapse onto different regions of 

target neurons: soma, dendrite, or axon (DeFelipe, 1997; Somogyi et al., 1998). 

Main states of vigilance 
There are three main states of vigilance: Waking (W), slow-wave sleep (SWS) 

and rapid eye movement (REM) sleep. Interestingly, waking and REM sleep share 

similar characteristics of neocortical activity: persistent synaptic activity and neuronal 

firing. The SWS presents transitions between depolarization and hyperpolarization 

of neuronal membrane potentials (Steriade et al., 2001; Timofeev et al., 2001). 

Electroencephalographic (EEG) characteristics of states of vigilance 
Waking state: low-amplitude, high-frequency beta (13-25 Hz) and gamma (30-

60 Hz) oscillations predominate, but there are also alpha rhythm (8-12 Hz) over 

visual cortex with the eyes closed (Compston, 2010), and mu rhythm (8-12 Hz) over 

somatosensory cortex during immobility (Rougeul et al., 1972; Rougeul-Buser et al., 

1975; Bouyer et al., 1983). 

SWS: mainly slow oscillations, but also fast components like spindles (sigma 

bursts of 12-15 Hz), beta and gamma oscillations and even ripples (>80 Hz) 

(Steriade, 2006). 

REM sleep: waking-like activity in electroencephalography (EEG), total loss of 

muscle tone in electromyography (EMG) and fast ocular movements in 

electrooculography (EOG) (Luppi et al., 2013). Cortical neurons show depolarized 

membrane potential, and spontaneously fire (Steriade et al., 2001). 

During SWS, because of a hyperpolarized silent state, the neuromodulatory 

system activity is the lowest when compared to waking and REM sleep, and 

neocortical seizures happen most often during SWS (Timofeev et al., 2013). Sleep 
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spindles are waxing-and-waning field potentials, lasting 1-3 seconds and repeating 

every 5-15 seconds (Timofeev and Bazhenov, 2005). There are two types of 

spindles, fast (12-15 Hz) and slow spindles (9-12 Hz) (Ayoub et al., 2013). Fast 

spindles originate from thalamus but it is unclear where the slow spindles are 

produced (Timofeev and Chauvette, 2013). Slow spindles’ frequency is identical to 

fast runs (7-16 Hz), and they are both recorded from frontal cortical regions. So, slow 

spindles might be of cortical origin (Timofeev et al., 1998).  

During seizures cortical neurons generate paroxysmal depolarization shift 

(PDS). PDS is the neuronal depolarization during paroxysmal EEG/LFP spikes 

(Timofeev et al., 2014). After PDS cortical neurons are hyperpolarized which is 

reflected as a wave component of EEG/LFP. This hyperpolarization is mediated by 

(a) disfacilitation, that is lack of synaptic activities, and (b) Na+ and Ca2+ dependent 

K+ currents (Timofeev and Steriade, 2004). The hyperpolarization during wave 

component of seizures activates h current. The h current is a depolarizing current 

that eventually leads to neuronal firing. When these subsets of neurons fire a new 

paroxysmal cycle starts. Paradoxically, during paroxysmal activities the IPSPs which 

depend on chloride are depolarizing while still being inhibitory. The reason is the 

inhibitory interneurons fire excessively and the extracellular K+ concentration is high 

(Cohen et al., 2002; Timofeev et al., 2002), and the activity of the neurone-specific 

K+-Cl- cotransporter 2 (KCC2) results in a positive shift in Cl- reversal potential 

(DeFazio et al., 2000).  

Throughout sleep two mechanisms may potentially increase the likelihood of 

seizure activity: (a) during silent states, disfacilitation upregulates excitability of 

neurons through homeostatic plasticity; (b) during slow oscillation sleep synaptic 

excitability is increased with long-term potentiation (Timofeev et al., 2014).  

 
Cortical origin of paroxysmal oscillations generated within the 
thalamocortical system 

Such paroxysms exist in cortical neurons, in vivo as well in vitro (Timofeev et 

al., 1998), and can be induced by intracortical infusion of bicuculline (GABAA 

receptor antagonist), even after ipsilateral thalamectomy in cats (Steriade and 
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Contreras, 1998), whereas intrathalamic injection of bicuculline is not associated 

with spike-wave seizures in some studies (Ajmone-Marsan and Ralston, 1956; 

Castro-Alamancos, 1999). The work of Bal et al. showed some similarities between 

absence seizure and spike and wave seizures induced by bicuculline injections in 

the thalamic lateral geniculate nucleus (LGN) of ferrets (Bal et al., 1995). 

Thalamocortical and corticothalamic fibers are excitatory glutamatergic. Both of 

them send fibers to reticular (RE) thalamic nucleus. The neurons in RE are 

GABAergic and interconnected with gap junctions (Landisman et al., 2002; 

Fuentealba et al., 2004). Corticothalamic fibers excitatory conductance (quantal 

size) in RE neurones are 2.6 times greater than that of thalamocortical neurons 

(Golshani et al., 2001). Therefore, during these paroxysmal cortical activities, the 

thalamocortical neurons are predominantly hyperpolarized and so inactive (Pinault 

et al., 1998; Steriade and Contreras, 1998; Timofeev et al., 1998; Timofeev and 

Steriade, 2004). 

Seizure cycle characteristics  
Typically, most seizures begin with spike-wave--polyspike-wave (SW-PSW) 

complexes of 1-3 Hz with a gradual increase in PSW component that are replaced 

by the fast runs of 8-14 Hz (Figure I-1). Then a new transition to PSW occurs with a 

progressive decrease in spikes numbers and finally in SW discharges (Bazhenov et 

al., 2008). The spike components are mainly inhibitory (Timofeev et al., 2013).  

Pathophysiology of seizures of cortical origin 
Epileptic seizures are characterized by synchronized hyperexcitation of 

neurons in neuronal network and more specifically due to the driving force of 

extracellular K+ on neural activity (Bazhenov et al., 2008). Lack of balance between 

excitatory and inhibitory neurotransmission has been considered as the main cause 

of seizures. (Dudek and Spitz, 1997; McCormick and Contreras, 2001). 

 
POSTTRAUMATIC EPILEPSY 
Neural circuit reorganization 

Injury-induced epilepsy (in human and also in animal models) is characterized 

by brain plasticity and strongly linked to axon sprouting and neural circuit 
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reorganization. Due to the presence of recurrent excitatory axonal projections, the 

excitatory connectivity is increased, and the inhibition is less efficient. Many 

researchers considered these changes as the cellular basis for abnormal 

synchronous activity of neural network and seizures (Traub and Wong, 1982; Dudek 

and Spitz, 1997; McCormick and Contreras, 2001). 

Excitatory circuit changes 
Mossy fiber sprouting	was first described in dentate gyrus following trauma. In 

this condition, dentate granule cells connect to each other through sprouting of axon 

collaterals reaching the inner molecular layer. This network acts as a recurrent 

excitatory substratum during epileptogenesis (Cronin and Dudek, 1988; Cronin et 

al., 1992; Wuarin and Dudek, 1996; Lynch and Sutula, 2000; Wuarin and Dudek, 

2001; Winokur et al., 2004). 

A few research groups have investigated these modified local mossy fiber 

connections in human (Sutula et al., 1989; Houser et al., 1990; Babb et al., 1991; 

Zhang and Houser, 1999) and in animal models of Temporal lobe epilepsy (TLE) 

(Nadler et al., 1980; Ben-Ari, 1985; Tauck and Nadler, 1985; Cronin and Dudek, 

1988; Buckmaster and Dudek, 1997; Buckmaster et al., 2002; Shibley and Smith, 

2002). Posttraumatic mossy fiber sprouting is more robust following severe TBI 

(Hunt et al., 2012) and is often limited to areas close to the injury. Both spontaneous 

and elicited burst discharges have been observed by single-cell and local field 

potential recordings from granule cells in post-TBI slices with mossy fibers, surgically 

isolated from afferent input coming from entorhinal cortex. This indicates a 

synchronous network activation (Hunt et al., 2009, 2010). 

Intergranular cell connections, absent in the normal dentate gyrus, have been 

suggested to occur following TBI using localized glutamate stimulation of sprouted 

mossy fibers in slices (Hunt et al., 2010). Mossy fiber sprouting may provide a means 

for regional granule cell network synchronization after TBI that may be “unmasked” 

if inhibitory control is impaired (Patrylo and Dudek, 1998). 

Similar changes have been seen after neocortical undercut that could be due 

to strengthened excitatory synapses onto pyramidal neurons of CA1 of hippocampal 

region (Prince et al., 2012). Salin et al. compared brain morphology of two groups of 
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adult rats, control and neocortical deafferented undercut group and observed the 

presence of axonal sprouting associated with epileptogenic recordings in undercut 

group. The intracortical connectivity was increased as a result of the increase in 

length and volume of axons and their branches and the increase in the density of 

axonal boutons (Salin et al., 1995). Kusmierczak et al. could show in deafferented 

cats an intracortical sprouting from the relatively intact cortex toward the damaged 

neocortex associated with an increase in horizontal connectivity of neuronal 

processes (Kusmierczak et al., 2015). Therefore, brain trauma of different areas 

triggers neuronal sprouting that could represent an important epileptogenic factor.  

Inhibitory circuit changes  
GABAergic interneurons exert a strong control on overall cortical activity. 

GABAA receptors (Figure I-2) perform inhibition through two mechanisms: 

1) Phasic (synaptic): high concentrations of GABA release from the presynaptic 

membrane evoke a rapid transient activation of postsynaptic GABAA receptors. This 

phenomenon is believed to be restricted to the synaptic junction. 

2) Tonic (extrasynaptic): low concentrations of GABA escaping the synaptic cleft 

persistently activate high affinity extrasynaptic GABAA receptors on the same neuron 

or the neurons in the vicinity (spill over). 

After TBI, loss of ipsilateral inhibitory hilar neurons is linked to reduced synaptic 

(phasic) inhibition of granule cells (Hunt et al., 2011; Pavlov et al., 2011; Gupta et 

al., 2012). There are also reductions in expression of GABAA receptor subunit 

(Mtchedlishvili et al., 2010; Gupta et al., 2012; Raible et al., 2012). Different groups 

reported unidentical changes in tonic inhibition: increased in contralateral dentate 

granule cells (Mtchedlishvili et al., 2010), with no change (Pavlov et al., 2011) or 

even markedly decrease (Gupta et al., 2012).  

In the undercut model of cortical deafferentation, layer V fast spiking (FS) 

interneurons receive fewer connections from presynaptic interneurons. The cause 

might be a decrease in the number of interneurons, diminished total length of 

interneurons axonal arbors, reduced number of GABAergic synapses, or decreased 

probability of synaptic GABA release onto pyramidal and FS cells. A reduction in the 
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number of axonal boutons of FS interneurons can decrease inhibitory drive to layer 

V pyramidal neurons (Jin et al., 2011).  

Homeostatic plasticity  
Homeostatic plasticity (HSP) (Turrigiano, 1999) is a set of the synaptic and 

intrinsic mechanisms in order to preserve a normal level of neuronal activity. 

Synaptic scaling takes place partly at postsynaptic level through changing the 

glutamate receptor numbers (Rao and Craig, 1997; Lissin et al., 1998; O'Brien et al., 

1998; Turrigiano and Nelson, 1998; Watt et al., 2000; Liao et al., 2001), and at 

presynaptic level through changes in neurotransmitter release probability (Murthy et 

al., 2001). There is also a decrease in number of GABAA receptors at synaptic level 

(Kilman et al., 2002). Chronic blockade of activity results in an increase in Na+ 

currents and a decrease in K+ currents, and the sum is an enhanced responsiveness 

of pyramidal cells to current injections (Desai et al., 1999). 

Deafferented cortex 
Acutely isolated cortex may generate slow oscillations similar to what is 

produced by an intact cortex during sleep while completely deafferented neocortical 

slabs may initially be unable to produce slow oscillations until after a two-week 

period, due to the absence of corticocortical excitatory connections (Lemieux et al., 

2014). There could be a common mechanism of the slow oscillations and the 

spontaneous bursts in chronically deafferented cortex, which is directly proportionate 

to the power of recurrent excitatory synaptic connections (Houweling et al., 2005). 

The effect of HSP is different after partial vs complete deafferentation 

Homeostatic synaptic plasticity is a mechanism for restoring network activity 

when insults perturb this activity. Nearly complete cortical deafferentation leads to 

slow oscillation network activity. In contrast, after partial deafferentation, 

homeostatic plasticity restores a normal asynchronous state. This results from 

upregulation of pyramidal cells intrinsic excitability alone (Houweling et al., 2005). 

However, it has been shown that partial cortical deafferentation is a potent 

epileptogenic factor (Topolnik et al., 2003b). Therefore, homeostatic plasticity is a 

major mechanism of posttraumatic epileptogenesis. Brain-derived neurotrophic 
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factor (BDNF) prevents the homeostatic plasticity of excitatory and inhibitory 

synapses (Rutherford et al., 1997; Rutherford et al., 1998) in cell cultures. 

HSP in young animals 
In young animals the upregulation process is halted (Figure I-3) when 

physiological levels of excitability are achieved but in adult animals the process to 

detect this upper limit of excitability (possibly through a sensor) is dysfunctional. This 

uncontrolled excitability in adult can lead to cortical epilepsy (Timofeev et al., 2013).  

EPILEPTOGENESIS 
«The term “epileptogenesis” refers to a transformation process by which the 

normal brain develops an increased propensity for generating spontaneous 

seizures» (Lothman et al., 1991) 

«This process typically involves structural alterations in neural circuitry due to 

progressive neuronal damage and “self-repair” mechanisms–which develop through 

a latent period of variable time and culminate with the emergence of spontaneous, 

recurrent, seizures» (Dudek and Spitz, 1997). 

The frequency and severity of spontaneous recurrent seizures show a 

sustained increase after the first seizure (Bertram and Cornett, 1993; Bertram and 

Cornett, 1994; Hellier et al., 1998; Nissinen et al., 2000; Williams et al., 2009; Kadam 

et al., 2010). 

Mechanisms of epileptogenesis 
1. Cellular and network mechanisms excitatory positive feedback through: 

a) Damage to inhibitory neuron circuitry can unmask the normal positive feedback 

(Shao and Dudek, 2005) and increase the net functional positive feedback in 

epilepsy (Cronin et al., 1992) 

b) Sprouting of new synaptic connections between surviving, deafferented neurons 

after TBI (Tauck and Nadler, 1985; Cronin et al., 1992; Wuarin and Dudek, 1996; 

Sutula and Dudek, 2007; Buckmaster, 2012). 

Seemingly, provided the sprouting is predominantly GABAergic or 

glutamatergic onto interneurons (Babb et al., 1989; Zhang et al., 2009), this could 

be a strong antiepileptogenic mechanism. However, Jin et al. showed a reduced 

inhibitory connectivity to both FS interneurons and pyramidal cells in undercut model 
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with an increased excitatory connectivity to pyramidal cells. The result is 

epileptogenic activity (Jin et al., 2011). 

2. Molecular mechanisms  
Most of the omics studies (analysis of transcriptome, epigenome, proteome, or 

metabolome) in epileptogenesis pertain to gene expression (microarrays, and 

sequencing technologies): 

Transcription factors can control expression of many genes. Examples are inducible 

cAMP early repressor (ICER) that supresses kindling (Kojima et al., 2008; Porter et 

al., 2008), cAMP response element (CREB) which controls differential expression of 

genes in human epileptic cortex (Beaumont et al., 2012), and repressor element-1 

silencing transcription factor (NRSF) that can repress epileptogenesis in a kindling 

model and can also regulate target genes appropriate for neuronal network 

remodeling in kainate-induced SE (Hu et al., 2011; McClelland et al., 2014). 

Epigenetic regulation can be achieved through alteration in DNA methylation (Kobow 

et al., 2013) or histone modifications, or by transcriptional regulation via micro-RNAs 

(miRNAs). In animal models of epileptogenesis some micro-RNAs are commonly 

found: miR-146a which regulates the astrocyte-mediated inflammatory response is 

upregulated in activated astrocytes during epileptogenesis (Aronica et al., 2010; Iyer 

et al., 2012; Jovicic et al., 2013). miR-132 that increases dendritic outgrowth and 

arborization and is involved in spine density regulation is upregulated in neurons 

during epileptogenesis (Jovicic et al., 2013). miR-21 and miR-34a have also been 

found in animal models of epileptogenesis (Pitkanen et al., 2015).  

Cell proliferation and plasticity 

Neurotrophins concentrations are raised in experimental and adult epileptic 

tissue. Brain-derived neurotrophic factor (BDNF) might be involved in human 

epilepsy (Scharfman, 2005). Conversely, there are studies indicating that BDNF 

prevents homeostatic plasticity (see above). Neurotrophic tyrosine kinase receptor 

type 2 (NTRK2) regulates excitability in vivo in mice. Erythropoietin shows 

neurotrophic effects. It plays also a role in signaling antiapoptotic, antioxidant, anti-

inflammatory functions. Erythropoietin reduces frequency and duration of seizures 

by reducing blood-brain barrier (BBB) damage, neurodegeneration, microglial 
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activation, development of ectopic hilar granule cells, gliosis (Chu et al., 2008) 

Inflammatory cell adhesion 

Integrin α4/β1 and P-selectin glycoprotein ligand 1 mediate leucocyte adhesion 

to brain vascular endothelial cells following pilocarpine-induced SE. Only seizure 

frequency could be reduced with integrin-α4-specific monoclonal antibody (α4 MAb) 

but the latency and duration of seizures did not change. However, there was less 

severe BBB damage at the acute phase (18-24 hours post-SE) and a reduction in 

chronic neurodegeneration (30 days post-SE) in mice treated with a4 Mab  (Fabene 

et al., 2008). 

Protein kinase 

Mammalian target of rapamycin (mTOR) controls protein synthesis and cell 

growth through downstream effectors such as p70 ribosomal S6 kinase1 (S6K1). 

Phosphorylated S6k1 phosphorylates ribosomal protein S6, which will promote 

production of ribosomal proteins and elongation factors in order to increase 

translation (McDaniel and Wong, 2011). mTOR may contribute to epileptogenesis 

through a) induction of IL-2 mediated T-cell proliferation causing inflammatory 

reactions that lead to injury, or b) aberrant axonal sprouting and neurogenesis 

(because of its role in neuronal development and plasticity). 

Phosphatase and tensin homolog (PTEN) is a tumor suppressor upstream of 

mTOR that inhibits phospho-inositide 3-kinase (PI3K) activity, and PTEN mutation 

results in mTOR hyperactivity (McDaniel and Wong, 2011).   

During SE induced by KA, mTOR is activated in cortex and hippocampus, and 

after 24h backs to normal level. During the latent period 5-7 days after SE, mTOR 

elevates again only in hippocampus. Status epilepticus results in widespread 

glutamate release, and glutamate NMDA (N-methyl D-aspartate) receptor activation 

in turn can stimulate mTOR through the PI3K/Akt (Akt: protein kinase B) signaling 

cascade. Phosphorylation of Akt accompanies both the early and late mTOR 

activation after KA-induced status epilepticus, and indicates implication of PI3K 

signaling in epileptogenesis in this model (Zeng et al., 2010). Overactivation of 

NMDA receptors in the KA model causes calcium influx that activates calcium-
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dependent neuronal death pathways. Rapamycine administered before KA, through 

inhibition of mTOR, induces autophagy that might prevent neuronal death and 

epileptogenesis by enhancing cell survival during increased metabolic demand of 

SE. 

Curcumin may represent a new class of mTOR inhibitor which can suppress 

epileptogenesis in animal models of epilepsy (Beevers et al., 2009; Jyoti et al., 

2009). The ketogenic diet (KD) is a high-fat, adequate-protein, low-carbohydrate diet 

that is an effective treatment for some forms of epilepsy (Hemingway et al., 2001; 

Marsh et al., 2006; Neal et al., 2008; Patel et al., 2010). The KD reduces insulin 

levels (Thio et al., 2006) which could decrease PI3K/Akt signaling and inhibit mTOR 

activity. 

Neurotransmitter receptor: fragile-X syndrome 

In murine model with knockout for Fmr1 gene, there is dendritic spine density 

and susceptibility to audiogenic seizures. The silencing in dendritic mRNA of group 

I metabotropic glutamate receptor (mGluR1) could generate the seizure. But a co-

reduction in mGluR5 expression restores the majority of aberrancies in the structure 

and function such as dendritic spine density and seizures (Dolen et al., 2007; Qiu et 

al., 2009). 

The Role of Sirt1 in Epileptogenesis 

Silent information regulator 2 proteins [sirtuins (Sirts)] are a class III histone 

deacetylase that require nicotinamide adenine dinucleotide (NAD+) for their 

enzymatic activity as a protein deacetylase (Blander and Guarente, 2004; Herskovits 

and Guarente, 2014). This majorly nuclear protein is involved in gene transcription 

by deacetylating histones, in response to cellular energy demand (Canto and 

Auwerx, 2012; Srivastava, 2016)  

Sirt1 may also play a regulatory role in metabolism, apoptosis, autophagy, and 

mitochondrial function. Sirt1 upregulation occurs in epileptic patients (Chen et al., 

2013), and in rat models of trauma-induced epilepsy (Chen et al., 2013; Wang et al., 

2015; Brennan et al., 2016). 

EX-527 is the antagonist of Sirt1 through competition for its NAD+ binding site 

and thus can prevent KA-SE-induced Sirt1 activity. 
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Mechanisms of inflammation-mediated hyperexcitability 

1. Pro-inflammatory cytokines can modulate the receptors of neurotransmitters at 

neuronal membrane. For example, astrocytic TNF-α (tumor necrosis factor-alpha) 

increases synaptic expression of AMPA receptors lacking GluR2 subunit which 

means they are more permeable to Ca2+ that leads to synaptic strength through 

increased mEPSPs frequency (Beattie et al., 2002). TNF-α also reduces mIPSPs by 

inducing GABAA receptor endocytosis (Stellwagen et al., 2005). 

2. Increased extracellular glutamate concentration by a) a reduced astrocytic 

reuptake of glutamate, b) inhibition of glutamine synthetase in astrocytes c) induction 

of glutamate release from glia (Ravizza et al., 2011). 

3. COX-2 and PGE2: their inhibition can reduce neuronal excitability. They may 

reduce potassium currents in neurons. Free radicals produced during COX-2 

synthesis of prostaglandins may promote glutamate-induced hyperexcitability 

(Ravizza et al., 2011).  

Despite ineffectiveness of most anti-inflammatory studies, celecoxib in rats 

decreased the seizure frequency and duration. It was also associated with reduced 

hippocampal neurodegeneration and microglial activation, and inhibition of hilar 

ectopic granule cells formation and new glia in CA1 (Jung et al., 2006).  

4. Increased blood-brain barrier permeability (Figure I-4) by IL-1 and TNF-α (Ravizza 

et al., 2011). 

5. Long-term transcriptional effects: cytokines mediate cell death, neurogenesis and 

synaptic reorganization which occur during epileptogenic process (Ravizza et al., 

2011).  

Animal models of epileptogenesis  
1) Injection of blood products inorganic iron salts, hematin and hemoproteins 

induce peroxidation of microsomal and mitochondrial lipids. They also alter the 

function of cellular thiodisulfide (Smith and Dunkley, 1962; Willmore and Ueda, 

2009). Alpha-tocopherol and selenium could prevent this peroxidative reactions 

(Willmore and Rubin, 1981, 1984). 

2) Kindling repeated subthreshold stimulation can induce the occurrence of 

generalized seizures (Kojima et al., 2008). Kindling is a plasticity phenomenon 
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leading to seizures which is in turn caused by subthreshold electrical, chemical, 

optogenetic stimulation (Goddard et al., 1969). Kindling is a model of epileptogenesis 

that is often investigated (Kandratavicius et al., 2014). It is a robust and reproducible 

tool for studying epileptogenesis (Sutula, 2004), but is costly and timely and the 

chronic implants may be lost (Kandratavicius et al., 2014). 

3) Fluid percussion injury a pendulum hammer applying a mechanical force to 

a fluid- filled cylinder which in turn transmits the pressure to brain in a craniotomized 

animal. This method simulates closed-head traumatic brain injury and is 

histologically associated with mossy fiber sprouting and ipsilateral hippocampal 

atrophy (Hunt et al., 2013). With midline craniotomies the injuries are more diffuse 

while lateral craniotomies are associated with mixed focal and diffuse injuries (Rowe 

et al., 2016).  

4) Weight drop (impact-acceleration) injury dropping a weight impacts rat skull. 

Cortical and subcortical injuries are extensive and includes dentate gyrus and 

hippocampus. Spontaneous seizures have not been observed in this study model 

but increased susceptibility to pentylenetetrazole (PTZ) 15weeks after injury were 

reported (Golarai et al., 2001).  

5) Controlled cortical impact injury mostly performed by using a pneumatic 

impactor which is controlled electronically to induce a focal brain injury through 

craniotomy. Despite weight drop and fluid percussion injuries, this model produces 

a relatively consistent and reproducible focal injury and reduces inaccuracy and the 

risk of rebound injuries. Seizure onset as early as 24 hours were reported, in rats 

(Nilsson et al., 1994; Kochanek et al., 2006) and mice (Hunt et al., 2009).  

6) Blast injury mimicking ballistic penetrating injury in war. A water balloon is 

rapidly inflated and deflated by a hydraulic pressure generator. This creates a cavity 

in neocortex. 70 percent of the animals in this study developed seizures 72 hours 

after injury (Hunt et al., 2013).  

7) Withdrawal of chronic GABA infusion Paroxysmal activity occurs upon 

discontinuation of GABA infusion in vivo in baboons (Brailowsky et al., 1987) and in 

rats (Brailowsky et al., 1990) and in vitro in rats (Calixto et al., 2000). The seizure 
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activity might be due to a downregulation of GABAA receptor in neurons in response 

to a high concentration of GABA (Tehrani and Barnes, 1988).  

8) Partial cortical isolation causes hyperexcitability There is reorganization of 

cortical regions, altered GABAergic inhibition, increased frequency of EPSPs. Fast-

spiking interneurons have high density of NaK ATPase. Brain derived neurotrophic 

factor (BDNF) from pyramidal cells act on tyrosine kinase receptor B (TrkB) in order 

to maintain connectivity but there is a reduced TrkB immunoreactivity of fast-spiking 

interneurons (Li et al., 2011). 

9) Chemoconvulsants kainic acid (KA), analog of L-glutamate, as the rodent 

model of TLE. It triggers hippocampal seizures and causes injuries limited to 

hippocamus (Sharma et al., 2007). Pilocarpine, an agonist of muscarinic 

acetylcholine receptors, causes injuries in hippocampus, as well in neocortex. It 

models TLE better than KA and causes limbic seizures (Furtado et al., 2011). 

Chemoconvulsants were used to elucidate acute seizures but not epilepsy (chronic 

conditions). Other widely used chemoconvulsants are pentylenetetrazole (PTZ) 

causing absence or myoclonic seizures, strychnine, N-methyl-D, and L-aspartate, all 

three generate generalzed tonic-clonic seizures (Loscher, 1997), penicillin, tetanus 

toxin, which may cause chronic epilepsy (Barkmeier and Loeb, 2009). PTZ has been 

used as a standard seizure test in most of antiepileptic drug trials (Loscher, 2017).  

10) Genetic animal models genetic epilepsies in mice and other animals may 

be spontaneous or engineered (Grone and Baraban, 2015). Two examples are 

DBA/2 mice presenting audiogenic seizures (Loscher, 2017), and Genetic Absence 

Epilepsy Rat from Strasbourg (GAERS) (Danober et al., 1998). These models are 

mostly used to develop antiepileptic drugs (Vergnes et al., 1982). 
 

The question about usefulness of animal models is raised because of 

numerous failures especially when applying in humans as clinical trial. The reasons 

could be: inappropriate animal model, inability to check some methods in humans 

(such as kindling), lack of uniformity of different models (Willmore, 2012). 

The neocortical undercut model 
To study posttraumatic hyperexcitability and epileptogenesis, the undercut 

(U/C) model which is similar to a penetrating brain injury is useful. It consists of 
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cutting the cerebral cortex (particularly the sensorimotor cortex) and the white matter 

that lies underneath it (undercut), so that a large cortical region is isolated not only 

from the neighboring cortex but also from subcortical regions (Hoffman et al., 1994; 

Topolnik et al., 2003a). 

If undercut is done during the first week of life only a thinned white matter and 

overlying cortex may be seen. After this period, undercut lesion is more elusive in 

term of indicating a border between cortex and white matter (Prince and Tseng, 

1993). Microscopic examination of the same slices elucidated loss of cortical 

thickness and decrease in number of cells in infragranular layer where shrunken 

dark-staining pyramidal neurons were present (Prince and Tseng, 1993).  

In the rat, partial neocortical isolations indicate that layer V PV-containing fast 

spike (FS) interneurons show changes in their axonal terminals and dendrites, but 

their numbers remain almost the same (see next paragraph). In infragranular Pyr 

cells decrease in soma size. In the undercut cortex, there are marked reductions in 

intensity of perisomatic halos of vesicular GABA transporter (VGAT-), glutamic acid 

decarboxylase (GAD65-, and GAD67)-IR (Gu et al., 2017). The analysis of biocytin-

filled boutons and electron microscopy show that modifications in halos intensity 

could be due to decreased expressions of these GABA markers in each bouton, and 

a reduction in inhibitory synapses (Gu et al., 2017). 

The onset of changes in suprasylvian gyrus of cats following deafferentation 

was seen as early as 2 weeks after transecting the fibers in the white matter but are 

more prominent at 4 weeks and 6 weeks (Figure I-5). These changes include 

disarray of normal distribution of cells in layers and columns, with severe cell loss in 

deep layers of suprasylvian gyrus and dystrophy of remaining cells, i.e., small 

atypical and pycnotic nuclei. In addition, a reduction in the cortical gray matter 

thickness is observed, that is, from 1.87±0.17mm in control animals to 1.72±0.16mm, 

1.5±0.21mm, 1.45±0.18mm at 2, 4 and 6 weeks, respectively (Avramescu et al., 

2009). 

The number of both non-GABAergic (presumed as excitatory), and GABAergic 

neurons decreases in deep layers V and VI, but also in more superficial layers II and 

III, but the reduction in inhibitory neurons is far more noticeable compared to 
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excitatory neurons (Avramescu et al., 2009). 

The focus of epilepsy is a specific region of the cerebral cortex characterized 

by a remarkable damage caused by different kinds of pathologies. The focus of 

seizure is the area surrounding the epileptic focus and is composed of highly 

excitable neurons that can trigger seizures. In the undercut model, the focus of 

epilepsy is the undercut area whereas the seizure focus lies around the undercut 

cortex (Timofeev et al., 2014).  

U/C Increases excitability 
According to electrophysiological observation (Li and Prince, 2002), following 

undercut the following changes are expected in layer V: an increase in AMPA-

receptor-mediated excitation, a decrease in GABAA-receptor-mediated inhibition, an 

impaired chloride homeostasis, and newly formed recurrent excitatory circuits 

The sum of these modifications may increase synaptic excitation and thus play 

a role in epileptogenesis (Jin et al., 2006). Layer V FS interneurons received a 

significantly increased excitatory and a decreased inhibitory synaptic connectivity in 

undercut mice. In epileptogenic rats, there was a marked decrease in inhibitory 

synaptic connectivity towards layer V pyramidal neurons. There is also up-regulation 

of intrinsic excitability (see below). 

The advantages of the undercut model  
The main advantages of the undercut model are easy preparation, high 

reproducibility, and low animal mortality (Jin et al., 2011). Epileptiform activity in this 

model is high (95%) in vitro and a good percentage of living animals. Additional 

advantages include reduced variability by a more localized and consistent lesion. 

This model provides efficient approach to study epileptogenesis and factors 

implicated with its pathological process, including axonal sprouting, HSP, changes 

in excitatory and inhibitory circuits (Jin et al., 2011).  

Limitations of the undercut model  
There is no major physical impact as opposite to TBI or most of other models 

of brain trauma. In traumatic brain injuries there are injuries to remote structures, 

such as hippocampus, as well, whereas in the undercut model only a limited injury 

is produced (Jin et al., 2011). 
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Seizure in undercut cortex 
In the undercut cortex of cats anesthetized with ketamine-xylazine, in acute 

conditions, the silent states are longer in cortex over undercut region as compared 

to normal cortex (Topolnik et al., 2003b). Even without anesthesia, more silence was 

reported (Timofeev et al., 2010). The characteristic feature of seizure onset is the 

shortening of active and silent phases, associated with a slightly increased 

depolarization amplitude only during active states.  In the main part of a seizure, 

there is a slight hyperpolarization followed by a prominently increased amplitude 

during PDS (Topolnik et al., 2003a).  

The duration of acute paroxysmal activity was 8-10 h. Seizures always started 

in areas surrounding the undercut (Topolnik et al., 2003a). These seizures were 

likely caused by immediate trauma effects, such as increased extracellular K+ and 

increased glutamate etc. In chronic conditions, spontaneous seizures restarted 

several days/weeks later (Nita et al., 2007; Timofeev et al., 2013; Ping and Jin, 

2016). In fact, in this area, despite what happened to undercut microstructure, there 

was much less GABAergic neurons loss (Avramescu et al., 2009).  

 Following cortical partial deafferentation, a vicious cycle is formed: axonal 

sprouting increases the network synchronization, which leads to seizure and 

paroxysmal activity in undercut cortex that directly reinforces sprouting. Therefore, 

a partial cortical isolation is accompanied by increased number and duration of silent 

states in cortical networks leading to boosted neuronal connectivity and network 

excitability.  

Intrinsic excitability changes in the undercut model 
Acute condition: neuronal membrane potential in deafferented cortex is more 

hyperpolarized as compared to that of surrounding cortex. The misbalance in 

excitability between these two neighboring areas is the leading cause of acute 

seizures (Topolnik et al., 2003b). The possible reason for a high firing rate of neurons 

is a high extracellular K+ resulting from cell damage (Jensen et al., 1994; Jensen and 

Yaari, 1997).  

Chronic conditions: as early as the second week after performing undercut, there is 

an increase in the input resistance of neurons and their instantaneous firing rate. 
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The intrinsic and synaptic excitability changes are the causes of a prolonged silent 

state, which in turn is compensated by increased instantaneous spontaneous firing 

rates (Avramescu and Timofeev, 2008).  

Changes in synaptic excitability in the undercut model 
After undercut, there is a reorganization in neocortical synapses due to axon 

sprouting. Layer V pyramidal neurons get more excitatory synaptic connectivity after 

undercut (Jin et al., 2006). There is also a reduced inhibitory synaptic connectivity 

onto layer V pyramidal cells. The FS interneurons in layer V of mice neocortex 

receive more excitatory and less inhibitory synaptic connections compared to natural 

situations. In undercut cortex, pyramidal neurons of layer V form a recurrent 

excitatory connection with other pyramidal cells of layer V and with FS interneurons 

as well. Layer V FS interneurons regulate network excitability at intralaminar level   

(Jin et al., 2011). It seems that any synaptic input onto intact cortical neurons near 

undercut can generate marked depolarizations that could lead to seizures (Topolnik 

et al., 2003a). While in acute posttraumatic period, there is a failure in synaptic 

transmission, an increased excitatory synaptic connectivity is observed after chronic 

cortical deafferentation. The characteristic feature of this excitatory synaptic efficacy 

is an increase in amplitude accompanied by a reduced duration particularly at 2 and 

6 weeks after undercut in cats (Avramescu and Timofeev, 2008). Following 

penetrating brain injury, glial cells activate and predispose the neocortex to axonal 

sprouting and forming new synaptic connectivity among neurons survived from acute 

injury. The duration of silent states increases in the cortical network because of a 

reduced number of neurons. The overall result is the activation of homeostatic 

plasticity to restore a normal activity by increasing excitability in remaining network 

neurons (Timofeev et al., 2010).   

G protein-coupled receptors (GPCRs)  
GPCRs comprise the major group of membrane proteins. They can mediate 

different physiological responses via binding to a large number of ligands including 

metabolites, neurotransmitters, hormones. GPCRs also play an important role in 

olfaction, taste, and vision (Weis and Kobilka, 2018). 
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Following binding of ligands to GPCRs, the concentration of secondary messengers 

changes because of the activation of Ga subunits: Gas upregulates cAMP 

production, Gai inhibits production of cAMP, and Gaq leads to accumulation of Ca2+  

(Yasi et al., 2020). 

There are two types of GPCR signaling: Canonical, when a ligand binds to 

extracellular site of a GPCR, these receptors show a conformational change (Figure 

I-6), and their intracellular part couples to its effectors such as G proteins or b-

arrestin. Then, through secondary messengers like Ca2+, cAMP, or kinase, the 

downstream signaling cascade starts, and noncanonical, when signaling is biased, 

associated with formation of oligomeric complexes, or originate from intracellular 

compartments  (Shchepinova et al., 2020). 

Biased signaling: according to the chemical structure of a ligand, only particular 

subgroups of a GPCR functional repertoire are activated (Smith et al., 2018). Biased 

drugs may provide a more precise pharmacological response (Tan et al., 2018). 

GPCR oligomerization: The majority of GPCRs produce macromolecular 

complexes. These homo- or hetero-oligomer complexes are made up of two or more 

GPCRs (Gomes et al., 2016). Despite monomeric GPCRs, these oligomeric 

complexes can modulate (improve) some properties such as binding to ligands, bias 

signaling, and trafficking (Gomes et al., 2016; Botta et al., 2020).  

GPCR compartmentalization: in addition to plasma membrane, the membranes 

of some other intracellular compartments are also implicated in GPCR signaling. 

These compartments comprise very early (Sposini et al., 2017), and early 

endosomes, the Golgi network, mitochondria, and nucleus (Jong et al., 2018; 

Ribeiro-Oliveira et al., 2019). This may provide new pharmacological targets 

(Thomsen et al., 2018). 

Designer receptors exclusively activated by designer drugs (DREADDs) 
Chemogenetics is a method of engineering proteins to make them capable of 

interacting with small molecule chemical actuators which have been unrecognizable 

by them naturally (Sternson and Roth, 2014). Designer Receptors Exclusively 

Activated by Designer Drugs (DREADDs) (Armbruster et al., 2007) are the most 

widely used class of chemogenetically engineered proteins. This is a chemogenetic 
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approach to noncanonical GPCR signaling to create agonists or antagonists of a 

given GPCR according to its signaling bias (Islam, 2018). An example is using the 

muscarinic DREADDs to selectively activate specific signaling patways: Gi, Gs, Gq, 

or b-arrestin (Roth, 2016). 

Different types of DREADDs 
Excitatory Gq-DREADDs the original DREADDs were based on human 

muscarinic receptors: hM1Dq, hM3Dq, hM5Dq. All 3 enhance neuronal firing via 

mobilizing intracellular calcium (Armbruster et al., 2007). hM3Dq is the most 

frequently used. CNO, an inert metabolite of clozapine, is the prototype actuator of 

these Gq-DREADDs. Usual dose of CNO is 0.1–3 mg/kg. CNO is back-transformed 

to clozapine (Jann et al., 1994) which in rodents is not negligible (Manvich et al., 

2018). To activate DREADDs, low doses of CNO are used in order to get a transient 

peak activation and a fast decay of activity (Roth, 2016). It has been shown by 

different research groups that by locally applying CNO in DREADD-expressed brain 

regions, one can observe about 60% change in neuronal activity, that means 

increase in activity with excitatory and decrease in activity with inhibitory DREADDs 

(Gremel and Costa, 2013; Vazey and Aston-Jones, 2014; Chang et al., 2015).  

Alternatively, compound 21 (Jendryka et al., 2019) or Perlapine can be used but they 

need high systemic doses which may have some off-target effects (Thompson et al., 

2018). More recently, deschloroclozapine (DCZ) has been used as a DREADD 

agonist with much higher affinity and potency for muscarinic DREADDs (Nagai et 

al., 2020).  

Inhibitory Gi-DREADDs hM2Di, hM4Di, and KORD. The first two can be 

activated by CNO, compound 21, or Perlapine. The most commonly used is hM4Di. 

k-opioid-derived DREADD (KORD) is activated by salvinorin B, a 

pharmacologically inert compound but a potent k opioid receptor agonist, is the 

synthetic form of salvinorin A (Wang et al., 2008).  

The inhibitory effect of hM4Di and KORD is exerted through hyperpolarization 

induced by Gβ/γ-mediated activation of G-protein inwardly rectifying potassium 

channels (GIRKs) (Armbruster et al., 2007; Vardy et al., 2015) or inhibiting 

presynaptic release of neurotransmitter (Stachniak et al., 2014). 
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Modulatory Gs- and β-Arrestin-DREADDs by combining b-adrenergic receptor 

of turkey erythrocyte with a rat M3 DREADD the GsD was created. It has only a 

modest activity in transfected cells (Guettier et al., 2009) by activating cAMP 

production (Wang and Zhou, 2019). 

The β-arrestin-specific M3 DREADD (Rq(R165L) recruits arrestin, instead of 

secondary messengers, for signaling cascade pathway following CNO binding 

(Nakajima and Wess, 2012). 

DREADD expression 
The time needed for DREADDs expression after injection of AAV viral vector is 

between 2-3 weeks in cell body, and 4-9 weeks in order to visualize anterograde 

pathways (axon, boutons, and synapses). Constructs composed of DREADDs and 

fluorophores or reporters, such as mcherry can help in localizing DREADDs, but the 

fluorophore expression depends on DREADD receptor regulation by the cell. The 

lower fluorophore expression makes current systems less efficient for morphological 

studies that rely on fluorescence intensity. Some reporters are readily visible by 

using filter cubes of fluorescent microscopes. These includes mcherry, EGFP, and 

EYFP (Smith et al., 2016). 

Diminishing DREADD expression  
DREADD expression of infected cells can be reduced by lowering the titer of 

virus, using a weaker promoter or modulating post-transcriptional expression (Roth, 

2016). Repeated dosing of an agonist with a DREADD can lead to GPCR 

desensitization and internalization and downregulation (DeWire et al., 2007). The 

degree of desensitization depends on two factors: (1) receptors overexpression, (2) 

receptor reserve. Receptor reserve is defined as obtaining the maximum agonist 

response with activation of a small fraction of receptors (Ruffolo, 1982). Because 

only a small percentage of receptors are occupied, downregulation or internalization 

of receptors will not happen. As a result, when DREADDs are expressed through 

viral delivery or transgenically, we do not expect an important desensitization 

(Alexander et al., 2009; Krashes et al., 2011; Roth, 2016). 
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Seizure control with DREADDs 
DREADDs may control seizures either by inhibiting the excitatory cells with 

hM4Di (Lieb et al., 2019), or by activating the parvalbumin positive interneurons with 

hM3Dq, which suppress epileptiform synchronization (Zhou et al., 2019). 

Adeno-associated viral vectors (AAV’s) 
AAV’s are small, single-stranded DNA viruses belonging to parvovirus family 

(Berns and Giraud, 1996). Their genome contains inverted terminal repeats (ITRs) 

which is important in synthesis of the second DNA strand through host cell DNA 

polymerase (Qiu and Pintel, 2008). To date, eleven serotypes of AAVs have been 

identified. The variable capsid structures make the difference in tropism among the 

serotypes (Agbandje-McKenna and Kleinschmidt, 2011). Pseudotyping is a 

recombination process in which different AAV serotypes are used to make a new 

capsid. This can increase AAV tropism for some cells and enhance transduction in 

neurons (Grimm and Kay, 2003; Sonntag et al., 2011). An example is AAV-DJ and 

its revised version AAV-DJ8 which are composed of 8 capsid types (Lerch et al., 

2012). 

When AAV adheres to the cell membrane, it may enter the cell via receptor-

mediated endocytosis and endosomal trafficking (Ding et al., 2005). In the absence 

of a helper virus (adenovirus or herpes simplex virus), AAV cannot replicate and its 

genomes stay in a latent state in the form of an episome in the nucleus (Berns and 

Linden, 1995). Therefore, in constructs of AAV transfer plasmids, in addition to 

promoter, a helper virus genes are also contained to allow replication of AAVs 

(Grieger and Samulski, 2005). AAVs, like lentiviruses, may infect both dividing and 

non-dividing cells. In contrast, retroviruses can only infect dividing cells (Grieger and 

Samulski, 2005). 

Advantages of using AAVs in neuroscience  
AAVs are non-pathogenic, cause fewer immune reactions as compared to 

other viral vectors, can target neurons even without helper viruses or capsids, basal 

cell function is less affected by AAVs than with other vectors (Lentz et al., 2012).  
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Limitations of AAV usage 
Low packaging capacity: AAV cannot carry large genes (Dong et al., 1996). 

AAVs have ssDNA genome and so they are dependent on host cell’s replication 

assets for synthesis of the complementary strand (Haggerty et al., 2020). Serotype 

2 (AAV2) is often used in neuroscience because of its natural tropism for neurons 

but it cannot transduce a large number of cells and presents a limited spread in a 

given brain region. The serotypes with a strong tropism for neurons, in vivo, are 

AAVs 1,2,5,7,8,9 (Castle et al., 2016).  

The majority of AAVs may be transported anterogradely (from nucleus to axon 

and then to nerve terminals) but most of them are not suitable for retrograde 

transport (from nerve terminals to axon and then translocated in the nucleus) 

(Salegio et al., 2013). AAV1 and AAV9 can migrate through synapses and transduce 

a circuit network (Zingg et al., 2017). 

Viral Promoters 
Viral promoters enhance the expression of viral vectors in cells. There are two 

kinds of promoters: ubiquitous, in which expression in majority of cell types is high-

level and longterm, and type-specific promoters that increase expression in some 

cell types (Haery et al., 2019). Some different promoters used in neuroscience are 

the human synapsin 1 gene promoter, the rat NSE gene promoter, the human U1 

snRNA promoter, and the human cytomegalovirus. Among them only synapsin 

targets neurons but others target glial cells instead (Kugler et al., 2003). Synapsin is 

neuron-selective and not neuron-specific (Huda et al., 2014; Jackson et al., 2016), it 

can also increase expression in hepatocytes. The CBA promoter is stronger than 

synapsin but enhances expression in astroglial cells and in cardiomyocytes as well 

(Jackson et al., 2016). Therefore, synapsin is a better promoter for expression in 

neurons. Roughly, about two third of neurons express the DREADD receptor when 

synapsin-AAV8 is used (Smith et al., 2016). 

AAV Titration 
A functional vector titer is defined as the number of viral particles in a given volume 

that are required to infect a cell. The best way to measure the number of this 

functional particles is to use quantitative polymerase chain reaction (qPCR) in order 
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to quantify the number of viral DNA copies in each cell (Lizee et al., 2003). This can 

be performed by measuring capsid protein or the AAV genome, expressed in gene 

copies per milliliter (GC/ml) or viral particles per milliliter (VP/ml) (Wang et al., 2020).  

Multiplicity of infection (MOI) in a culture is the ratio of infectious virions to cells. The 

absence of infection means MOI equal to 0 while the virus may be present (Shabram 

and Aguilar-Cordova, 2000). Plaque-forming units (PFU) are the infectious virus titer 

measured by quantifying the plaques which upon infection with a given virus serial 

dilutions are formed in cell culture (Harcourt et al., 2020). The number of transducing 

units (TU/ml) is mostly used for lentivirus to quantify functional vector particles that 

lead to the expression of a fluorescent reporter protein.  
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Chapter 1 Hypothesis  
General objective and hypothesis 
It is known that in partial neocortical isolation model of epileptogenesis, prolonged 

hyperpolarization in non-traumatized neocortex near undercut leads to 

hyperexcitability and seizures. The long-term objective is to reduce these silent 

periods through exciting undamaged neurons neighboring the undercut. One means 

is using Gq-DREADD delivered to neurons via AAV viral vector. The preliminary 

results of experiment in our lab proved the effectiveness of this chemogenetic 

method. The main goal is to prevent posttraumatic epileptogenesis in human by 

determining the extent of excitability needed. Therefore, the use of cre-dependent 

transgenic mice is irrelevant in our study because it is different from posttraumatic 

conditions in which neurons are not genetically modified. Also using cre-lox system 

in humans could be challenging as it involves two types of recombination: 

intramolecular that is inversion or excision within the same DNA, and intermolecular 

which exchanges fragments between two DNA molecules (Lanza et al., 2012). 

The main objective of this research project is to quantify the volume of 

neocortical transfection and the number of neurons transfected according to volume 

and titration of virus injected.  

We hypothesize the neocortical transfection volume and the number of cells 

transfected depend on the volume and titration of virus injected. However, this 

relationship may not follow a linear pattern.  
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Chapter 2 Materials and Methods 

All experiments were performed according to guidelines of Canadian Council 

on Animal Care and the protocol approved by the ethic committee of Université 

Laval. Adult male C57BL/6 mice were used in experiments. All mice had ad libitum 

access to food and water and were housed within individual cages in animal facility 

with a 12 h light/dark cycle.  

2.1.  Anesthesia in mice 
Buprenorphine 0.3 mg/ml was injected (0.05-0.75 mg/kg) subcutaneously 

about 20 minutes before induction of anesthesia (according to Direction des Services 

Vétérinaires of Université Laval requirements).  

The mice were anesthetized with Isoflurane (1-2%): 1-2L/min at induction, 0.6L/min 

for maintenance. Bupivacaine 2%/Lidocaine 0.5% was injected subcutaneously 

0.05-0.07 ml/g around incision points. Incision started when pinch withdrawal reflex 

was absent. From the beginning of anesthesia until 48h after surgery, heating pads 

at 37°C were used to avoid hypothermia. Lactated Ringer solution (0.1ml/10g/h) was 

given subcutaneously at the beginning of anesthesia and hourly. 

2.2.  Surgical procedure 

A midline incision of about 1 cm was performed and the galea was separated 

from underlying skull with a cotton-tip. Then two bur holes were made with microdrills 

on the left side: The first one at the junction between posterior border of coronal 

suture and medial border of sagittal suture (AP: -0.5mm; ML:0.5mm from bregma). 

The second hole was at 2mm behind the first one with coordinates AP:-2.5mm; 

ML:2mm from bregma.  Pipettes were pulled from one mm OD borosilicate glass, 

with tip truncated to 10um diameter, and the tip was filled with aliquot containing 

AAV. The pipette lumen was previously irrigated with mineral oil and connected to 

nanoinjector (Nanoject-II), the automated device for injection of pre-set small liquid 
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volumes. The diapason of single shot injected volumes is between 2.3nl, and 69nl. 

Three different titrations of AAV2/8-hSyn-hM3D(Gq)-mCherry were used: 

1.1E11gc/ml; 1.1E12gc/ml; 1.1E13gc/ml. In each animal only one of the titrations 

was used. We targeted layer V of neocortex at a depth of about 600um. After every 

single injection, the pipette remained for 5 minutes to avoid backflow through pipette 

track. 

2.3.  Brain sectioning       
The mice were sacrificed 3 weeks after viral injection. The animals were deeply 

anesthetized with Ketamine/Xylazine and were perfused via transcardiac route 

initially with cold saline to wash out blood, and then by 4% paraformaldehyde (PFA). 

Then the brain was extracted from cranium and maintained in 4% PFA at 4°C in 

fridge for up to 48h. Caution was paid to avoid light exposure to brain from its 

extraction on. Aluminum foil was used to protect containers from light. The brain was 

sectioned into 50µm serial slices using vibrotome and then the sections were placed 

on microscope slides that were coverslipped the same day.  

2.4.  Image acquisition    

Tissuescope 4000 slide scanner was used for image acquisition (Huron 

software). The serial images showing fluorescence were used to estimate 

transfection volume in a 3D-reconstructed image (Neurolucida 9 software) (figures 

3C and 4C), and to automatically estimate transfected cells number (Image Pro 10 

software) (figures 1D, 2C, and 4F). Image Pro parameters: Cellular diameter: 10-50 

um, cellular roundness: 1-2, integrated Optical Density red: -1E+308 to 1E+308, 

region saturation: -1E+308 to 1E+306. The last two parameters were modified 

according to each image contrast and brightness.    
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Chapter 3 Results   
             We designed experiments for studying the effect of volume and titration of AAV 

vector injected, on cortical tissue transfection volume and number of cell 

transduction. We performed experiments using three different titrations and different 

volumes of AAV and then compared the results.  

             To analyze the data, in addition to raw data, we used corrected values to 

have normalized data. We also computed the relation between volumes of 

transfection and the number of cells transfected.   

3.1 .   AAV 2/8 with titration 1.1E11 gc/ml could not transfect cortical regions 
or transduce neurons 

A total of 12 injections were performed with 1.1E11 gc/ml titration. The volumes 

of virus-containing solution injected were as follows: 2.3 nl: 2 injections; 4.6 nl: 2 

injections; 13.8 nl: 1 injection; 18.4 nl: 1 injection; 23 nl: 3 injections; 46 nl: 1 injection; 

69 nl: 2 injections. With 1.1E11 gc/ml titration we did not find any neuron containing 

expected reporter. 

It seems that the number of gene copies of this titration was not sufficient to 

transduce cells. Considering that in each nanoliter of this titration, there are 1.1E5 

gene copies, and that in our results the lowest volumes of E12 and E13 capable of 

achieving transduction were 13.8 nl (15.18E6 gene copies) and 9.2 nl (10.12E7 gene 

copies), even 69 nl of 1.1E11 gc/ml titration delivers only 75.9E5 gene copies which 

is far behind those of higher titrations.  

3.2.    Experiment with AAV 2/8, titration 1.1E12 gc/ml intracortical injection 
A total of six injections were performed with 1.1E12 gc/ml titration: 2.3 nl: 1 

injection; 4.6 nl: 1 injection; 13.8 nl: 1 injection; 23 nl: 1 injection; 46 nl: 1 injection; 

69 nl: 1 injection. The weak transfection of cortical tissue after injection of 13.8nl of 

AAV 2/8, titration 1.1E12 on the right hemisphere is shown in figure 1A. This 

transfected area is limited just like the number of neurons transduced in panels C 

and D which, respectively, show cells before and after automatic count with Image 

Pro. A stronger transfection with injection of 69nl of the same titration of AAV 2/8 

was achieved as shown in figure 2A. The number of cells transfected was 1778. As 
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seen in panel D the magnified field was hypercellular which is in contrast with the 

pauci-cellularity in figure 1D.     

No transduction was seen when 2.3 nl and 4.6 nl of AAV 2/8 were injected. The 

neocortical transfection volume and neuronal transduction number are summarized 

in figure 1E and 3D, respectively. With E12 titration, as the injection volume of 

AAV2/8 increases, more cells are transduced (figure 1E) and a larger transfection 

volume is observed (figure 3D). Pearson’s correlation value of 0.97 (not shown) was 

calculated between AAV injection volume and the number of cells transduced 

(figure5, red curve), which confirms a robust linear correlation between these two 

parameters. 

We expected transfection of a wide region of cortex and a larger number of 

neurons, as by increasing the volume of virus injected. The 1.1E12gc/ml follows this 

pattern in our experiment. Figure 7, red curve shows a nearly linear relation between 

AAV volume and the cortical transfection volume, and a Pearson’s correlation value 

of 0.96 was calculated between these two parameters which means a strong 

correlation.   

3.3.  Experiment with AAV 2/8, titration 1.1E13 gc/ml intracortical injection 
A total of eight injections were done with the 1.1E13 gc/ml titration: 2.3 nl: 1 

injection; 4.6 nl: 2 injections; 9.2 nl: 1 injection; 18.4 nl: 1 injection; 23 nl: 1 injection; 

46 nl: 1 injection; 55.2 nl: 1 injection. Figure 5 blue curve shows the correlation 

between AAV volume and number of neuronal transductions which is not totally 

linear except in its mid part. Pearson’s correlation for these two parameters is 0.82, 

that means a strong enough correlation. 

Neither of 2.3 nl or 4.6 nl volumes induced transfection. Yet, this is not clear 

why lower volumes of E13 could not transfect cells either. Therefore, there must be 

a lower level of volume in each titration, below which no transduction happens. It 

might be called the threshold transduction volume for each titration.  It seems these 

volumes are too small to allow delivery of virus to cells. Cortical transfection volume 

with this titration was, as seen in figure 7 blue curve, not dependent in increase of 

AAV volume. It could increase or decrease with increases in AAV injection volume. 



 

31 

Pearson’s correlation between AAV volume and cortical transfection volume was 

calculated -0.49 which means a weak correlation.   

3.4.  Corrected values of cell transduction in different titrations 
In order to compare data obtained from one titration, and also to compare those 

values between different titrations, we calculated the expected cell transduction 

number for each 10 nl of AAV injected. For example, if injecting 13.8nl of E12 titration 

transduces 56 cells, injection of 10nl of the same titration might transduce 40.579 

cells. Thus, the corrected cell counts for each 10 nl of E12 titration is as follows: 

13.8nl: 40.6; 23nl: 64; 46nl: 147; 69 nl: 258 (127.4±98.34) (figure 7A red). Therefore, 

we conclude that higher volumes of injected virus with the titration E12 not only 

transfected globally more cells, but also transfected more cells per each 10 nl of 

injected virus.  

The corrected value of cell counts for each 10 nl of E13 titration are the 

followings: 9.2 nl: 1028; 18.4 nl: 677; 23 nl: 543.50; 46 nl: 270; 55.2 nl: 354 (574.4± 

299.37) (figure 7A blue). Thus, as mean, injection with E13 titration transfected 

roughly 5 times more cells than injections with E12 titration. However, the number of 

transfected cells with higher virus concentration in injected solution (E13), did not 

depend on the volume of injected solution. It was likely some kind of saturation, in 

which a small injected volume already transfected majority of cells that could be 

targeted by this virus. 

Comparing these two titrations, t-score was 3.1341, and p-value was 0.0034 

which means a significant difference between these two titrations in transducing 

cells. 

The corrected values for cortical transfection volume (um3) per 10 nl AAV 

injected with titration E12 are the followings: 13.8nl: 61106; 23nl: 189460; 46nl: 

195401; 69 nl: 158875 (151210±62165) (figure 7B red). Therefore, despite a steady 

increase in transfection volume relating to increased AAV volume, the corrected 

values for E12 does not respect this rule at highest AAV injected volume (69 nl). The 

corrected values for transfection volume in um3 for each 10 nl of AAV injected, 

titration E13 are as follows: 9.2 nl: 9655565; 18.4 nl: 792516; 23 nl: 105673; 46 nl: 
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301670; 55.2 nl: 401402 (2251365±4146628) (figure 7B blue). So, the mean 

corrected transfection volume per 10 nl AAV is about 15-fold with E13 titration as 

compared to E12 titration. The t-test is -1.1323 and p-value= 0.8396. Therefore, the 

different transfection volumes obtained with each 10nl AAV injection with either E12 

or E13 titrations are not statistically meaningful.  

3.5.  Relation between transfection volume and number of cells transduced 
Next, we computed the relation between volume of tissue affected by viral 

injection and the number of transfected cells. Pearson’s correlation was 0.88101 for 

E12, and -0.43648 for E13 titrations. That means there is a positive correlation 

between tissue volume transfection and neuronal transduction with E12 titration, 

whereas with E13 titration the correlation between these two parameters was weak 

(figure 4G). 
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Chapter 4 Discussion 
In this study we investigated the effect of AAV titration and its volume of 

injection on the volume of cortical transfection and the number of cells transduced. 

This may ultimately guide us in choosing the right titration and injection volume of 

AAV in order to alter epileptogenesis.   

Two common features of all kinds of epilepsies are: 1) unprovoked seizures 2) 

the abnormal local neuronal synchronization (Timofeev et al., 2013). The main 

neuronal activity change that was observed during epileptogenesis is increased 

neuronal silence, which as consequence, up-regulates neuronal and network 

excitability that leads to seizure generation (Topolnik et al., 2003a; Timofeev, 2005; 

Timofeev, 2011). Therefore, it seems that an increase in local excitability of 

traumatized cortex immediately after trauma should shorten neuronal silence and 

thus prevent epileptogenesis. This might be achieved with low-intensity electrical 

stimulation or pharmacologically using drugs that affect K+, Na+, or Ca2+ 

homeostasis) (Topolnik et al., 2003a; Houweling et al., 2005; Timofeev, 2011).   

Indeed, preliminary data obtained in our lab show that moderate increase in 

excitability around the undercut cortex prevented epileptogenesis, but major 

increase in excitability was epileptogenic by itself. Because in previous experiments 

carried out in our lab, the AAV serotype 2/8 was used to counter epileptogenesis, 

we used the same serotype as well. We tested 3 titrations and different volumes of 

the same AAV 2/8 carrying Gq-DREADD. With E11 titration, no neuronal 

transduction was achieved. This might be because this low concentration does not 

deliver enough gene copies to neurons, or due to the phagocytosis by astrocytes 

and microglia of virus and genes it carries. Because this experiment was performed 

for the first time, the lack of comparison with other studies reduces its reliability. A 

somewhat similar experiment has been performed by Dayton and coworkers (Dayton 

et al., 2018). They tested three different doses of AAV PHP EB, as they called low 

dose (1.2E13 vector genome/kg), mid-dose (3.6E13 vg/kg), and high dose (1.2E14 

vg/kg). Each dose was injected to three adult rats. They observed a consistent dose 

dependent GFP expression in rat cerebellum (p<0.05). They also noticed a brighter 

fluorescence with mid-dose. Our AAV dose was much lower, and injections were 
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performed in the mouse neocortex, not in the cerebellum. This might explain the 

difference in results obtained. 

In our experiments, it seems that E11 titration was too low to transduce 

neurons. In our series, low volumes of AAV injections, that is 2.3 nl and 4.6 nl were 

not able to transduce cells. This might be due to rapid clearance of these aqueous 

solutions by extracellular environment although we cannot exclude the possibility 

that with such small volumes the used nanoinjector was unable to really release 

solution in extracellular space. When comparing E12 and E13 titrations in terms of 

absolute values of neuronal transduction, the E12 showed strong positive correlation 

with AAV volume injected (r = 0.97), whereas Pearson’s correlation for E13 was 

0.82. The corrected values of transduction number for each 10 nl of AAV injected 

indicated values range of 127.4±98 cells for E12, and 574.4±299 for E13. The t-value 

is -3.1341. The p-value is 0.0034, so there is a significant difference between using 

E12 vs. E13 for cell transduction. For the corrected values of cortical transfection 

volume for each 10 nl of AAV injection, range of values was 151210.5±62165 µm3 

in E12, and 2251365±4146628 µm3 for E13. The t-value is -1.1323, and the p-value 

is 0.8396. Therefore, using either E12 or E13 for transfecting the cortex yield no 

statistically significant results. With regard to these two results, the transfection 

volume for each 10 nl of E13 is in average 15 times more than that of E12 titration, 

while the neuronal transduction number for each 10 nl of E13 is about 5 times that 

of E12 titration. It might indicate a more widespread expression of viral genes in each 

neuron with E13 as compared with E12 titration. The functional unit in central 

nervous system is the neuron, but whether a more saturated viral spread or a 

confined one would act better for getting an antiepileptogenic effect needs to be 

determined by further investigation.  

Potential pitfalls  

Despite the care taken for conducting a well-performed study, there could have 

been some issues affecting the final results. The age of animals may affect the cell 

transduction. The pipette might have been blocked, or even leaking, delivering AAV 

below or over the set volume. Using the same pipette to inject two different locations 
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could break the tip or the shaft of pipette and deliver an out-of-control AAV volume. 

The shrinkage and desiccation of brain section during cutting, spreading, or 

coverslipping may have an effect on fluorescence detected. Image acquisition with 

slide scanner can be tricky. Images on the same slide could have different levels of 

brightness and contrast. Sometimes red laser doesn’t work properly. That can lead 

to a lack of fluorescence detection despite its expected presence. In acquired 

images, changing the brightness and the contrast can affect interpretation of dots 

and particles seen, and can be misleading in differentiating neurons from image 

artifacts. When estimating transfection volume, it is challenging to define the limits 

of transfection if there is no visible border and staining, especially with dispersed 

transduced cells. The fluorescent particles may show a variety of shapes, making 

neurons and artifacts hardly distinguishable or even indistinguishable.   

Another problem encountered was the covid-19 pandemic and multiple lab 

closures. We lost some of our ongoing experiments. The number of experiments for 

this study was reduced as a result of shortage of time.  
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Conclusion 
Our results show a more reliable and predictable neuronal transduction with 

E12 titration. Even if the sample size is not big enough, the high positive correlation 

and almost linear distribution of transduction by E12 titration is promising. Although 

E13 titration may also be used for transducing neurons, the non-linear distribution in 

our study puts its reliability in doubt. Further studies with both E12 and E13 titrations 

should be done in order to confirm our results. It seems that E11 titration is not 

capable of transducing cells and should no longer be used in our future experiments. 

The next step would be the quantification of transduction in traumatized cortex, 

which might have different extent and investigating the antiepileptogenic effect in 

relation to number of transduced cells.   

For the purpose of presentation, some brain images were edited only after 

automatic cell count was performed. These retouches were not done in or near the 

injection site where the fluorescence was visible. So, these modifications did not 

change the results of research in any way.  
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Figure I-1. Idiopathic electrographic seizure recorded from cortical area 5 of cat 
anesthesized with ketamine-xylazine. Five upper traces show local field potentials 
recorded from cortical surface and different depth. The lower trace shows an 
intracellular recording of a cortical neuron during spiking activity. The lowermost 
traces are selected time period of the same neuron during its spike-wave alterations 
and fast runs (Timofeev and Bazhenov, 2005).  
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Figure I-2. Phasic and tonic GABAA receptor activation. A. Synaptic receptors 
(orange) are located on the postsynaptic membrane just beneath presynaptic 
release sites,whereas extrasynaptic receptors (purple) are located away from the 
synaptic junction. B. Phasic (synaptic) IPSCs are rapid events. Three individual 
IPSCs are shown in a whole-cell voltage-clamp recording obtained from a 
dentate granule cell. C. The tonic (extrasynaptic) current in this granule cellis 
revealed as a baseline shift after application of the GABAA receptor antagonist 
bicuculline methiodide (BMI;100 μM) (Hunt et al., 2013).  
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Figure I-3. Proposed dynamics of network excitability induced by brain trauma in 
young and adult subjects. After initial insult, there is a brief period of 
hyperexcitability. Then the neuronal activity in injured area is diminished 
dramatically. 2-4 Weeks after trauma, the excitability reaches the baseline level. 
While in adults in may progress to epilepsy, in young animals it usually remains 
in steady state (Timofeev et al., 2013).  
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Figure I-4. The Vascular Landscape in Epilepsy. The mechanisms involved in the 
etiology of epileptogenesis are multiphasic [A. blood-brain-barrier disruption, B. 
angiogenesis, C. vascular inflammation, D. neurovascular coupling and, lastly, E. 
network excitability] and exist at the crossroads of the neurovascular network. Dotted 
black arrows indicate the sequence of events leading up to epileptogenesis, whereas 
dotted blue arrows show the sequence of events that affect the neuron or vascular 
interface in an epileptic brain. Illustration was created using Biorender.com (Baruah 
et al., 2019).     
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Figure I-5. Neocortical Post-Traumatic Epileptogenesis Is Associated with Loss of 
GABAergic Neurons. A. Reduced cortical thickness in undercut. B. Changes in six 
cortical layers 2-, 4-, and 6-weeks following trauma as compared with the normal 
structure (CTRL). C. neuron loss is more prominent in layer 5 than layer 2. D. Loss 
of gray matter thickness with times mentioned in panel B (Avramescu et al., 2009). 
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Figure I-6. High-throughput GPCR cell-based assays. (a) GPCR activation of Gas 
upregulates adenylate cyclase (AC) resulting in increased cAMP levels. cAMP 
activates protein kinase A, which phosphorylates the transcription factor CREB 
ultimately resulting in reporter gene expression. (b) GPCR activation of Gai 
downregulates AC resulting in a decrease of cAMP levels. (c) GPCR activation of 
Gaq upregulates phospholipase C (PLC), which breaks down PIP2 
(phosphatidylinositol biphosphate) into IP3 (inositol triphosphate) and DAG 
(diacylglycerol). IP3 goes on to activate Ca2+ channels in the endoplasmic reticulum 
increasing the Ca2+ concentration in the cytosol, which is detected via chemical 
dyes or protein sensors. (d) In b-arrestin recruitment-based assays, GPCR activation 
recruits b-arrestin linked to a protease (yellow) that cleaves the transcription factor 
(TF) linked to the GPCR via a protease cleavable linker (yellow). Transcription factor 
release ultimately results in reporter gene expression. (e) In Saccharomyces 
cerevisiae, human GPCRs can couple to yeast or human/yeast Ga chimeras and via 
Gb activate the yeast mating pathway ultimately leading to expression of a reporter 
gene. Gold circles: agonist (Yasi et al., 2020).  
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Figure 1- Transfection detected 3 weeks after injection of 13.8 nl, titration 1.1E12 
gc/ml of AAV2/8-hSyn-hM3D(Gq)-mCherry in a 50µm brain section. A. Cortical 
transfection can be seen in right hemisphere near midline. B. The inlet defines the 
area selected for detecting cell transfection. C. Bright red fluorescence of mCherry 
in neurons. D. Automatic cell count with Image Pro software. In this panel four cells 
are detected. E. The graph shows number of transduced cells according to the 
volume of virus injected. The orange bars show E12 titration results, and the gray 
bars those of E13 titration. No transduction was found with E11 titration.  
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Figure 2– Transfection found 3 weeks after injecting 69nl of AAV2/8-hSyn-
hM3D(Gq)-mCherry, titration 1.1E12gc/ml. A. Cortical transfection in a 50µm thick 
brain section is seen as a bright red spot on the left side at about 1000µm distance 
from midline. B. The square shows region of interest for detecting cells. This region 
in magnified in images C and D. C. Red dots indicate the fluorescence caused by 
mCherry in neurons. D. Neurons are detected automatically with Image Pro. 
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Figure 3- Cortical transfection after injection of 18.4 nl of AAV2/8-hSyn-hM3D(Gq)-
mCherry, 1.1E13 titration. A. and B. 50µm brain section showing cortical transfection 
on the left side. C. 3D reconstruction of the same experiment with Neurolucida from 
12 brain sections. Transfection volume was estimated about 1458230 µm3 by the 
software. D. The graph shows the cortical volume transfection (µm3) as logarithmic 
values in Y-axis achieved by different AAV injection volume (nl) in X-axis for E12 
(orange bars) and E13 (gray bars) titrations. N.B. some imperfections in image B 
were retouched which were far from injection site.  
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Figure 4- An example of cortical transfection and cell transduction detected 3 weeks 
after injecting 9.2 nl of AAV2/8-hSyn-hM3D(Gq)-mCherry,1.1E13 titration. A. and B. 
show two 50µm thick brain sections with transfected cortex on the left side of midlne. 
C. 3D reconstruction of ten 50µm sections using Neurolucida. The transfection 
volume was estimated 8883120µm3 by the software. D. The square indicates the 
region of interest in the same section as panel A, for detecting cells. The magnified 
images of this inlet are seen in panels E and F. E. Fluorescence caused by mCherry 
is visible as bright red dots. F. Automatic detection of transduced neurons by Image 
Pro software. G. In this chart, the relation between the number of neurons 
transduced (X-axis) and the cortical transfection volume (in µm3, logarithmic values 
in Y-axis) obtained with different AAV volumes and titrations (E12: orange; E13: 
gray) are shown. N.B. some retouch of image B far from injection site.  
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Figure 5- Correlation between injected AAV volume and cell transduction. With E12 
titration (red) the correlation is quasi-linear but with E13 titration (blue) it is not. 
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Figure 6- Corrected values for each 10 nl AAV injected, with E12 and E13 titrations. 
A. Boxplot comparison of corrected values of cell transduction. The mean value of 
corrected cell number with E13 is about 5-fold that of E12 titration. The t-value for 
cell transduction was -2.83471, and p-value 0.0159 that is significant. B. For volume 
transfection with these two titrations, t-value and p-value were -0.99869, and 
0.351207 respectively which means no significant difference.  
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Figure 7- Correlation between volume (nl) of AAV injected and transfection volume 
(µm3). Y-axis shows the transfection volume. With E12 (red) titration there is a linear 
correlation, but with E13 (blue) titration the correlation is curved.  
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